Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia managed in clinical practice and the most common arrhythmia requiring hospitalization [1, 2] . Thromboembolism occurs with similar incidence, regardless of the form of AF [3, 4] . AF management includes anticoagulation to prevent thromboembolic stroke, its most debilitating complication [2, 5] . Anticoagulation with warfarin, at a target international normalized ratio (INR), or with a direct acting oral anticoagulant (DOAC), has consistently been shown to reduce the risk of stroke and is therefore a major goal of therapy for AF [6, 7] . AF is the most common reason for anticoagulation [8] . Anticoagulants are also frequently used for other indications, ranging from venous thromboembolism to mechanical prosthetic heart valves [9] . Indeed, their widespread use in clinical practice leads to a high likelihood of their being encountered in patients undergoing invasive procedures. Cardiac implantable electrophysiological device (CIED) surgeries, which include pacemaker (PM) and implantable cardioverter defibrillator (ICD) placements, are now commonplace worldwide with approximately 1.5 million procedures performed per year. Of patients who undergo such procedures, up to 35% require long-term anticoagulation [10] .
When determining who should receive anticoagulation, a riskstratification model is used. The rationale behind risk stratification is that although anticoagulation has clearly been shown to be more effective than antiplatelet agents or placebos in the prevention of thromboembolic stroke, their use should be restricted to patients whose risk for a thromboembolic event exceeds their risk of hemorrhage [11] [12] [13] . Risk factors for thromboembolic events in nonvalvular AF include a history of stroke, diabetes mellitus, hypertension, heart failure, and age. These were incorporated into the initial score called CHADS 2 [6, 14] . The annual risk of stroke increased incrementally from 2%, with a score of 0, to as high as 22%, with a score of 6, in the absence of anticoagulant therapy [11, 15, 16] . A second score known as CHA 2 DS 2 -VASc was developed to further delineate the risk in the perceived low-risk groups using additional risk factors [6, 17, 18] .
The risk of bleeding also increases substantially with the use of anticoagulants, and this presents a challenge to their clinical use [6, 19] . A problem that arises is how to manage patients on anticoagulation treatment who require an invasive procedure that inherently increases their risk of bleeding. In this review, we will discuss the management of antithrombotic therapy in patients undergoing CIED surgery, including anticoagulants, such as warfarin and the DOACs, and antiplatelet drugs, such as aspirin and clopidogrel.
Oral anticoagulants
Warfarin has been the main oral anticoagulant used in clinical practice for nearly fifty years, especially in patients with AF. It inactivates vitamin K in the hepatic microsomes by inhibiting epoxide reductase, which hinders the formation of clotting factors that are dependent on vitamin K, such as factors II (prothrombin), VII, IX, and X [20] . The onset of the therapeutic action of warfarin is delayed by two to seven days while the preformed factors are depleted. Warfarin dosing is targeted to a therapeutic INR, which is usually 2-3 in AF but may be higher for mechanical mitral valves [20, 21] . It has few side effects other than its major and most significant side effect, which is bleeding [22] . In addition, the INR requires monitoring in order to maintain it in a therapeutic range. Numerous medications interact with warfarin and affect its metabolism [20] . Over-anticoagulation leads to a significant risk of bleeding when the INR is greater than 3 [23, 24] . While there is a trend away from warfarin treatment towards use of the newer anticoagulants, most clinicians maintain warfarin treatment in patients who are already taking the drug and have a stable INR [13] .
DOACs are drugs that directly inhibit either thrombin or activated factor X and were designed in response to the need for an oral anticoagulant that did not require frequent monitoring and was less likely to have dietary and medication interactions. Three drugs gained approval in rapid succession: dabigatran etexilate, rivaroxaban, and apixaban [12] . A fourth followed soon after: edoxaban [25, 26] (awaiting approval in Canada). All four are oral medications that do not require anticoagulation monitoring via blood tests. All four DOACs have rapid time to peak plasma concentrations of 2 (rivaroxaban/edoxaban) to 6 h (dabigatran); therefore, immediately after the first dose, patients are well anticoagulated [27] . The first of these drugs, dabigatran, is a potent direct competitive inhibitor of thrombin. The RE-LY trial demonstrated that dabigatran was comparable to warfarin in terms of stroke prevention with lesser rates of major hemorrhage in the 110 mg group, and superior to warfarin with equal rates of hemorrhage in the 150 mg group [28] . Rivaroxaban is an oral, direct factor Xa inhibitor and was shown in the ROCKET-AF trial to be similar to warfarin for the prevention of stroke in nonvalvular AF with no significant difference in the risk of major bleeding [29] . Rivaroxaban is used at a dose of 20 mg once daily or 15 mg daily if the creatinine clearance (CrCl) is between 30 and 49 mL/min. Apixaban, also an oral direct factor Xa inhibitor, was demonstrated to be superior to warfarin in preventing stroke or systemic embolism in nonvalvular AF in the ARISTOTLE trial [30] . The dose of apixaban is 5 mg twice daily with a dose reduction to 2.5 mg twice daily if two of the following three conditions are present: age 80 years or older, body weight of 60 kg or less, and a serum creatinine level of 133 mmol/L or greater [27, 30] . Edoxaban is another oral direct factor Xa inhibitor that was shown to be noninferior to warfarin with respect to the prevention of stroke or systemic embolism in nonvalvular AF and was associated with significantly lower rates of bleeding in the ENGAGE AF-TIMI 48 trial [31] . The recommended dose of edoxaban is 60 mg once daily with a reduced dose of 30 mg once daily if CrCl is between 15 and 50 mL/min [32] . DOACs may be useful for use in elderly patients on a multitude of medications that may interact with warfarin; indeed, DOACs have been shown to be safe in the elderly [33] .
Management of warfarin during pacemaker/implantable cardioverter defibrillator insertion
Until recently, warfarin use was halted before PM/ICD insertion and the patient was bridged with intravenous (IV) unfractionated heparin or subcutaneous low-molecular-weight heparin (LMWH) if the thromboembolic risk was considered high (usually CHADS 2 Z3) [34] [35] [36] . This was usually performed by discontinuing warfarin use five days before the procedure and initiating IV heparin or LMWH 3 days before the procedure, once the INR decreased below 2; the procedure was usually performed when the INR was less than 1.5 and after halting IV heparin 4 h prior to the procedure or after halting the last dose of LMWH 24 h prior [36] . This process is marred by several difficulties and logistical issues. To start IV heparin, the patient must be a hospital inpatient for several days before the procedure. In addition, heparin requires frequent checking of the PTT with dose adjustments to ensure a therapeutic time; LMWH is less problematic in terms of monitoring, but still requires daily injections and CrCl above 30 mL/min [34] . Sometimes, the INR does not decrease below 1.5 on the day of the procedure, leading to the administration of vitamin K to decrease the INR, which results in restoring the INR to the therapeutic range after post-procedural reinitiation of warfarin and a further increase in hospital stay. Furthermore, several studies that this bridging strategy leads to significantly increased rate of device-pocket hematoma, ranging from 17% to 31% [37] . A recent systematic review demonstrated that compared to no heparin, heparin bridging was associated with a combined odds ratio of 4.47 for the development of pocket hematoma and prolonged hospital stay [38] . The consequence of a device-pocket hematoma is substantial, including the need for a prolonged period of time off anticoagulation with a risk of thromboembolism, the need for further procedures to clear the hematoma, an increased risk of infection, and an increase in hospital stay; when a hematoma occurs, the increased risk of infection can be as much as 22-fold higher, as demonstrated in the REPLACE registry [39] .
A major change has recently occurred in the management of warfarin during pacemaker insertion because of the results of the large trial, BRUISE CONTROL, in which 661 patients with an annual thromboembolism risk greater than 5% per year (CHADS2 Z3) were randomized to continued warfarin therapy versus bridging therapy during elective pacemaker/ICD implantation [10] . The trial was performed after several case series and smaller trials had shown a benefit to continued warfarin therapy and several centers had shifted their clinical practice to continued warfarin therapy; a meta-analysis of these trials showed a benefit of continued oral anticoagulation versus bridging in terms of reduced device-pocket hematoma and hematoma drainage/revision [37] . The aforementioned bridging strategy was used in this trial. The trial was stopped early because the results showing 16% of the bridging group to have clinically significant hematoma versus just 3.5% of the continued warfarin group [10] . Furthermore, there was significantly more hematoma causing prolonged hospitalization, hematoma requiring interruption of anticoagulation and hematoma requiring an evacuation [10] . This study represents the main body of evidence for switching to a continued warfarin strategy in those at higher risk of thromboembolism. An algorithm for the peri-procedural management of warfarin is shown in Fig. 1 . To provide evidence on whether a bridging strategy is beneficial in high risk patients, the recent BRIDGE study randomized 1884 patients to bridging with initiation of low-molecular-weight heparin three days before the procedure versus no bridging. The study showed an incidence of arterial thromboembolism of 0.4% in the no-bridging group versus 0.3% in the bridging group (95% confidence interval [CI], À0.6 to 0.8; P ¼0.01 for noninferiority), while the incidence of major bleeding was 1.3% in the no-bridging group and 3.2% in the bridging group (relative risk, 0.41; 95% CI, 0.20-0.78; P ¼0.005 for superiority) [40] . Several additional studies have shown an increased risk of bleeding with bridging [35, 36] . Indeed, a recent meta-analysis showed that compared with heparin bridge, continued oral anticoagulation at the time of CIED surgery was associated with a significantly lower risk of postoperative bleeding (OR ¼0.25, 95% CI 0.17-0.36, P o0.0000), but there was no difference noted in the risk of thromboembolic events between the 2 strategies (OR ¼1.86, 95% CI 0.29-12.17, P¼ 0.57) [41] . In addition, continued warfarin therapy is much more cost effective than bridging therapy [42] . When performing device surgery without interruption of warfarin, the INR should be checked 3-7 days prior to the procedure to provide time for dose adjustment, and then once more on the day of the procedure. The INR on the day of the procedure should be less than or equal to the upper limit of the therapeutic range prescribed for the patient, usually r3 (r3.5 for some prosthetic heart valves) [25] .
Regarding patients with a lower annual risk of thromboembolism (o 5%), there is no clear evidence for continued warfarin versus discontinuing warfarin. Clearly, a bridging strategy should not be used, given the low risk of thromboembolism and higher risk of device-pocket hematoma with bridging. Current guidelines suggest to stop warfarin treatment 3-4 days before the procedure, to perform the procedure once the INR is o1.8, and resume warfarin 12-24 h later [25, 34] . However, as suggested in a recent guideline and in keeping with evidence from two recent metaanalyses, continued warfarin use may be considered, especially if the patient has a history of previous transient ischemic attack or embolic stroke [25] .
Management of direct acting oral anticoagulants during pacemaker insertion
There are less data available regarding management of DOACs peri-procedurally. The general principle is that PM/ICD implantation is considered a low bleeding risk procedure [10, 34] . Because of the predictable waning anticoagulant effects of DOACs, bridging therapy is not required and management involves timing the cessation and re-initiation of the drug based on the predicted clearance, which takes renal function into account [27, 43] . A recent Canadian study showed that device implantation performed with DOAC interruption, but without bridging [44] . In patients with normal renal function undergoing a low bleeding risk procedure, the usual practice is to discontinue the DOAC 24 h (i.e. last dose 2 days before) prior to the procedure and to reinstate the drug 24-48 h after, provided no significant bleeding has occurred [25, 34, 45] (Fig. 2) . A large randomized control trial (BRUISECONTROL2: ClinicalTrials.gov NCT01675076) is underway, Fig. 1 . Peri-device surgery warfarin management [30, 39, 58] . Low risk for thromboembolism (annual risk of thromboembolic events o 5%) includes patients with AF and a CHA 2 DS 2 -VASc score of r2. High risk for thromboembolism (annual risk of thromboembolic events 4 ¼ 5%) includes patients with AF and a CHA 2 DS 2 -VASc score of Z 3, a CHA 2 DS 2 -VASc of 2 due to stroke or TIA within 3 months, patients planned for cardioversion or defibrillation testing at device implantation, AF and rheumatic valve disease prosthetic mitral valve, caged ball or tilting disc aortic valve, a combination of bileaflet aortic valve prosthesis with atrial fibrillation and a CHA 2 DS 2 -VASc of 2, recent venous thromboembolism (within 3 months) or an intra-cardiac thrombus.
in patients undergoing CIED procedures, to test the safety of continuing DOACs-its results are eagerly awaited [46] . The details for each separate DOAC are discussed below.
Dabigatran is a twice daily drug with a half-life of 14 h, if the CrCl is above 50 mL/min. Its use should be halted the day before surgery, which translates to missing 2 doses before the day of surgery. This usually results in a 12-25% residual anticoagulant effect at the time of surgery, which is acceptable given the low risk of bleeding [25, 27, 45] . If the CrCl is between 30 and 50 mL/min, signifying moderate renal impairment and a likely half-life of 15-18 h, then dabigatran use should be halted 2 days before surgery, i.e., 4 missed doses to give the same residual anticoagulant effect. Dabigatran should not be used in patients with a CrCl of less than 30 mL/min. The drug should then be resumed 24 h postoperatively [25, 34, 45, 47, 48 ]. An observational study showed that continued dabigatran treatment did not result in increased bleeding; only one episode of minor bleeding occurred and that was in a patient on dual antiplatelet therapy [49] . This finding has been replicated in other studies [50] ; thus, the results of the randomized control trial [46] are awaited before final recommendations can be made regarding continuation of DOACs.
Rivaroxaban is a once daily drug with a half-life of 9 h if the CrCl is above 30 mL/min. Its use should halted the day before surgery, which translates to missing one dose before the day of surgery and results in a 12-25% residual anticoagulant effect at the time of surgery, which is acceptable given the low risk of bleeding [27, 47, 48] . Again, rivaroxaban should not be used in patients with a CrCl less than 30 mL/min, but if used in patients with a CrCl between 15 and 30 mL/min, at least 36 h of drug interruption is advised [25] . Use of the drug should then be resumed 24-48 h postoperatively [34, 45] . Apixaban is similar to rivaroxaban in its mechanism of action and half-life of 9 h if CrCl is above 30 mL/min [27, 45] . Therefore, use of the drug may be halted the day before surgery and resumed 24-48 h postoperatively, if renal function is 430 mL/min [34, 45, 47, 48] . If apixaban is used in patients with a CrCl between 15 and 30 mL/min then at least 36 h of drug interruption is advised [25] . Edoxaban is a once daily drug with a halflife of 10-14 h if the CrCl is above 30 mL/min [32] . However, there is less guidance available regarding edoxaban and the current recommendation is for use of the drug to be halted the day before surgery and resumed 24-48 h postoperatively, if renal function is 480 mL/min [25, 32] . Given the pharmacokinetics of edoxaban, these recommendations will most likely extend to a CrCl of greater than 30, but guidance is currently lacking.
Anticoagulation reversal
Anticoagulation may require elective (as described above) or emergent reversal. Vitamin K may be administered, which substantially reduces INR within 24 h; the rapidity of INR decrease depends on the route of administration and the dose [51, 52] . Oral administration is preferred if there is no need for very rapid reversal because it is effective, safe, convenient, and predictable [52, 53] . Doses required may range from 1 mg to 10 mg, keeping in mind that although the INR will decrease faster and to lower levels with higher doses, returning to therapeutic INR will be delayed and more difficult due to warfarin resistance, which may last up to a week [51, 52] . Intravenous administration is the fastest route and lowers the INR within 12 h. If rapid reversal is required, then this is easily achieved using prothrombin complex concentrate (PCC), which is the current preferred method of rapid reversal of warfarin and its use is preferable to fresh frozen plasma [52] .
To date, there is no reversal agent for DOACs, although they are currently in development and may soon be available for clinical use [54] . First, administration of the drug should be halted and an investigation into the cause of bleeding carried out with treatment if indicated [55] . Neither vitamin K, fresh frozen plasma, nor prothrombin complex concentrate fully reverse the anticoagulant effects of DOACs, but they are used in clinical practice because of the lack of an alternative [27] . Dabigatran may be cleared relatively efficiently by dialysis [56] . Despite the absence of reversal agents, in comparative studies DOACS (except dabigatran at the higher dose) had lesser rates of bleeding than did warfarin [28] [29] [30] . In addition, DOACs are cleared reliably and quickly, and by the time a bleed occurs, their levels may already be waning [27] . There are several blood tests that when positive indicate the presence of DOACs in the blood and when normal do not infer their absence. For dabigatran, the thrombin time is a very sensitive indicator of the drug's presence in the blood. In addition, the PTT may be prolonged if dabigatran is present. For rivaroxaban, a prolonged PT/INR may indicate the presence of the drug. Currently, there is no reliable method to detect the presence of apixaban or edoxaban in coagulation studies. Anti-Xa levels may be used to detect the Fig. 2 . Peri-device surgery DOAC management [39, 42] . A strategy of continued DOAC for patients at high risk of arterial thromboembolism is currently under investigation [43] .* Based on pharmacokinetics but no recommendation in guidelines if CrCl o80.
presence of the Xa inhibitors, apixaban, rivaroxaban, or edoxaban, in the blood [55] . Non-specific blood thinners, such as DDAVP and tranexamic acid, should be used because even though their efficacy is not proven, they cause little harm and may add benefit [57] . Reversal agents the focus of ongoing trials that show promise, and they may soon be available in clinical practice. Idarucizumab is a specific reversal agent for dabigatran and a recent phase III trial showed rapid and durable complete reversal [58] . Andexanet alpha is a reversal agent for factor Xa inhibitors, such as apixaban, rivaroxaban, or edoxaban, and phase two studies of this compound have also shown rapid complete reversal [59] . Aripazine is a reversal agent that targets all DOACs and has shown complete reversal [54] .
Management of antiplatelet drugs during pacemaker/ implantable cardioverter defibrillator insertion
Antiplatelet drugs are commonly used in patients who require PM/ICD insertion. Aspirin and clopidogrel are the most widely used antiplatelet drugs. A study by Tomkins et al. in patients who underwent CIED surgery showed that the risk of developing a pocket hematoma doubled when using aspirin alone, as compared to no antiplatelet medication, and was four-fold higher when comparing dual antiplatelet therapy (DAPT) to no antiplatelet [60] . A smaller study showed that approximately 18% of patients on clopidogrel developed a hematoma after PM/ICD insertion, but none of those who had clopidogrel treatment halted held for 4 days or more developed a hematoma. The risk further increased if aspirin and clopidogrel treatment were combined. Other studies have shown that clopidogrel is associated with a hematoma formation rate of 25%, compared to just 4% when its use is discontinued prior to the procedure. In addition, there was no significant difference in hematoma formation if aspirin was continued or discontinued [37] . The main necessity for dualantiplatelet therapy arises post-insertion of coronary stents to decrease the risk of stent thrombosis and after acute coronary syndrome. The PARIS study was a two-year prospective observational study that enrolled 5018 patients to examine the effect of DAPT cessation after PCI on major adverse cardiovascular events (MACE), which is a composite of cardiac death, definite or probable stent thrombosis, myocardial infarction, or target-lesion revascularization. The results of this study demonstrated that 30-days, post-stent insertion, DAPT could be safely interrupted and reinitiated 14 days post procedure with no increase in MACE, including no increase in stent thrombosis [61] . However, there is still no clear consensus regarding DAPT management. An easy-touse summary is as follows (Fig. 3) : if the patient is only taking aspirin, then aspirin can be safely continued. If the patient is only on clopidogrel, then continue clopidogrel. For patients on DAPT, though the Paris study demonstrated that DAPT can be safely interrupted after 30 days, more evidence would be needed in the form of a randomized controlled trial before such a recommendation can be made. Given current evidence, the following is recommended: continue DAPT if a bare-metal stent (BMS) was inserted in the last 4 weeks and if a drug-eluting stent (DES) was implanted in the last 6 months. If more than 4 weeks/6 months have elapsed after BMS/DES implantation, respectively, then clopidogrel can be halted 5-7 days prior to the procedure and resumed as soon as possible after, while continuing aspirin [25, 61, 62] . Current guidelines also suggest deferring elective device implantation, if possible, until the completion of DAPT. Recommendations from recent guidelines are summarized in Table 1 . There is no reliable way to reverse the effects of antiplatelet medications, other than administering platelet transfusions, and the efficacy of this approach remains under debate [63] .
Conclusion
Antithrombotic therapy and its peri-procedural management continue to be a rapidly evolving area. There is now clear evidence that continuing warfarin treatment during CIED surgery insertion is safe, without a significant increased rate of bleeding and with continued prevention of thromboembolism. For patients at high thromboembolic risk, continued warfarin therapy should be favored over heparin bridging, which increases bleeding, device pocket hematoma, and health care costs. Presently, the use of DOACs is commonly halted prior to insertion, but new evidence is eagerly awaited to evaluate the risk to benefit ratio of their continuation peri-operatively. The predictability and speed of their waning effect is an advantage and the forthcoming availability of specific-and complete-reversal agents may relieve concerns about the management of potential bleeding complications. Combination antithrombotic therapy at the time of CIED should be avoided when possible (e.g. in the absence of recent stent), with temporary interruption of antiplatelet agents for patients on continued OAC. Fig. 3 . Peri-device surgery management of antiplatelets [39] . 
